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WIND-TUNNEL TESTS OF DUAL-ROTATING PROPELLERS WITH
SYSTEMATIC DIFFERENCES IN NUMBER OF BLADES
BLADE SETTING, AND ROTATTONAL SPEED OF
FRONT AND REAR PROPELLERS
By W. H. Gray

SUMMARY

The advent of dual-rotating propellers has created
a need for informatlon concerning the effect of the
number of blades of the front and rear provnellers, rela-
tive rotetional sneeds, and small changes in the blade
angles of the rear propeller. Results of aerodynamlc
tests of seven-blade nropellers, whlich were considered
as a posslble arrangement to avold vibration difficul-
ties, are vpresented herein. Varlations of relative
blade angle and rotational speeds of the front and rear
cnmponents of a six-blade duel-rotating propeller were
also Investlgeted. The test program was an extension
of previous work on dual~-rotating propellers at the
NACA nropeller-research tunnel; the propeller blades
and test body were those used in the previous tests,

The results Indlcated that envelope sfflclencles
of a seven-blade nroveller with three blades 1in the
front Lub and four in the rear were from O to

l% percent lower than envelope effliclencies for the

slx-blads dual-rotating propeller; faur blades 1in the
front hub and three in the rear resulted in efficlen-

cles 1/2 to 3% nercent lower than those obtained with
the six-blade proneller. This conclusion applles to
blade-angls settings of the front and rear provellers

to absorb equal nower at peak efficlency when the
rotatlonal svweeds wers held equal.
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Changes 1n rotationel speed of the rear component
of a slx-blede duasl-rotating propeller to maintain the
torgue equal to thet of the front component over the
entire range cof advance-dlameter ratio rather than only
at peek efflclency resulted iIn no appreclable effect on
efficiency for elther the low- or high-speed condition.
The same concluslion was made for opesration at constsat
spead ratios differing from unity by as rmuch as 115 per-
cent. The reer blsde ungles were adjJusted to provide
equal front and reer propeller torqua for each ratlo at
peak effiziency.

When the rear blade angles of the slx-blade pro-
peller were ad]usted to provide equal torgque at wvulues
of sdvance-diameter ratio other than that for peak
efficiency and when rotetional speeds of front and rear
blades were equal, the effect on effliciency vas negli-
gible excent at peak eftlciency, at which a higher rear
blade angls resulted in a higher efficiency.

TETRODICTION

‘The use of dual-ratating propelloers introduces
compllcations into the problem of propeller-performance
estimation. Proneller dlameter and the number of tlades
are the most lmnortant parameters in the selectlon of =
dual-rotating oropeller to meet specific operating con-
ditinnsg., After the number of blades has bsen dsecided,
there stilll remaln the differential olade angle and ths
differentlial rotational sseeds, which may be varled over
the operating range. Experlments have shown that 1m-
provement in the vlibration characteristics of dual-
rotating propellsers would also be desireble (reference 1)
At nresent, dual-rotating propellers consist of two com-
ponants having equal dlameters and number of blades and
operating at equal rotational smneeds. Th9o use of two
components having differsnt numbers of blades and
unequal rotational speeds might meteirlally reduce the
vibration. Aerodynamlc effects of such a deviation
from standerd nractice remaln to be esteblished. The
results of tests of systematic varlations In blade
number, differentlial blede setting, and differential
rotational speed are presented hersin. The effect of
unequal number of blades has been lnvestligated by tests
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of .seven~blade. dual-rotating propellers with three blades
in the front and four in the rear and with four blades
In the front and three 1n the rear.

The operating modes contemplated for dual-rotating
propellers are those in whlch, throughout the operating
range, the speed of the rear propeller was continuously
ad justed to keep the torque of the two propellers equal,
the speed of the rear propeller was held at a fixed ratio
to that of the front propeller, and the blade angle of
the rear proveller differed from that of the front pro-
peller by a fixed amount. These conditlons have been
covered in this 1lnvestigatlion for a six-blade dual-
rotating proneller. These modes of operation cover the
most 1mportant varlables relating the front and rear
parts of dual-rotating propellers: number of blades,
blade angle, and rotational speed.

APPARATUS AND METHODS

The test setuo was that used Iin previous tests of
dual-rotating promellers in the NACA oropeller-research
tunnel (reference 2). A photogranh of the setun with a
single-rotating propeller is given in figure 1 and out-
1llne dimenslons ars given in flgure 2. The symmetricsal-
alrfoll wing, shown 1n the ohotograph and the drawing,
was 1In place for all the tests.

The proveller blades, for which blade-form curves
and the nlan form are glven in figure 3, were Hamllton
Standard 3152 for the right-hsnd blades and Hamilton
Stendard 3156-6 for the left-hand blades. Both six-
and seven-blade propellers were mounted in two hubs
spaced 15 inches. The shape of the front spinner was
ldentical with the one previously used (reference 2),
but the rear sninner was elongated 5 inches because the
front hub was moved forward to lncrease the spacing from
10 to 15 inches. This change required a slightly altered
splnner and forward body section to give a falred body.

A plot of the differencze 1n blade-angle settings
for dual-rotating nropellers of four to elght blades
for the conditlion of equal torque of front and rear
propellers at peak efficlency is given in flgure .
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Settings for the four~, six-, and elght-blade dual-
rotating propellers were those used in tests reported
in references 2 and 3.

The rotational speed of the front and resar pro-
vpellers was maintained equal for both the seven-blads
and slx-blade propellers for the investigation of the
effect of changes 1in rear blace angles only. The speed-
ratio and equal-torque tests, however, required a wvarla-
tion of the front snd rear preopeller rotationel speeds
that gave differences up to %20 percent.

The limlting conditions of tunnel speed (110 mmh)
and propeller rotationsl sneed (550 rpm) resulted in a
tip speed below 300 fset per second and a Reynolds
number of about 1,002,000 for the O0.75F section, where
R 1s the oropeller radius. No effects of compressi-
bllity, therefore, would be expected.

RESULTS AND DISCUSSION

The rssults are presented 1ln nondlimensiocnal form.
Coefflclents and symbols used are defined as follows:

Cr thrust coefficient (T/ pn2plt)
Cp power coefficient (P/Fn3D5)
n prooulslve efflclenscy (?2 ﬁ%
P
Cq speed-power coefflcient v EZ; or %ZEQ
Pn CP

V/nD advance-diameter ratio

whers
T effective thrust, pounds
P power absorbed by propeller, foot-pounds per

second
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-V alrspeed,. fest per second

propeller rotatlional speed, rps
D propeller dlameter, feet

mass density nf alr, slugs per cublc foot

ﬂF front blade angle at O0.T75R

Br rear blade angle at 0.75R

CPF power coefficsient for front propeller
CPR power coefficlent for reer propeller

The effeztive thrust is the measured thrust of the
propeller-body combinstina plus the drag of the bhody
wlthout a proosller.

PFor tests 1n which the rotationnl soneed of the
two commonents differed, the followlng coefficients
based on the rotatlonal sneed of ths front provneller
were used:

Cp = —I—
20
T
- P
% on. 3p5
F
2Ry
CP T a——————
_ 2mglg
%o T 35
- g D
where
N front-propeller rotational speed, rns
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np rear-propeller rotationsal speed, rps
QF front-proveller torque, foot-pounds
Qg rear-oroveller torque, foot-pounds

It will be seen that these coefflcioents reduce to the
usual ones for the conditlon cf equal rotatlonal speed
of front and rear components.

The figures showing propeller chnaracteristics and
efficlency comparisons are given 1n table TI.

Seven-blade propeller.- The tests of seven-blade
propellers were made with the two possibls combinatlons
of three blades in the front hub and four in the rear
(deslgneted herelnafter ths thres-four combination) and
four blaedes in the front hub and three in the rear
(designeted the four-three combination). Rotational
speeds of front and rear cnmponents were maintained
equal throughout the tests. The blede angles of the
front and rear provellers were set to abssrb equal
powar at meak efficlency.

The characteristic curves for the seven-blade
propellers are given in fiéures 5 to 1L, The curves
of Cp ard C (figs. and 11) indicete a
more gradual gtall for the threa-four combilnation than
for the four-three combination. This stall is more
gradual prooably because the larger number of blades
requires a lower rear blade angle, which results in a
lighter loading of the inboard sections of the rear
propeller for the three-four combinatlon.

The efficlency envelopes for tha two comblinations
(fig. 15) are only from O to 5% percent lower than for

the six-blade dual-rotating proveller in the tractor
condition (from reference 2). The efficlency envelops
of the three-four comblination varied from no higher at

a front blade engle of 20° to 1% perzent hlsher at 60°

then the envelone for the four-three comblnation
(fig. 15). A comparlison of efficlencles on a basis of
constant Cp (f1g. 16) indlcatsd 1ittle or no con-

sistent relationship between the efflclency curves
except for the conditlon of veak efficiency shown by
the envelopes of figure 15.
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Equel-torque tests.- In previous tests of six-blade

“dual~rotatIng: propellers-(reference 2), the rotational

speeds were maintalned equal throughout the test and the
rear blade angles were adjusted to sttaln equal torque
at peak efficlency. In the present lnvestlgation, tests
were mede to determline the effect of varylng the speed
of the rear component to malntain equal torque through-
out the range of V/n" as well as at peak efficiency;
the blade angles were the same as in the tests of ref-
erence 2. These tests may therefore be compared wlith
the tests of reference 2 for pseak efflclency. The

V/nD intercepnts of the thrust curves must coincide in
order that the curves obtained from the ovresent tests may
be compared with results obtalined froir previous tesgs.
The Intercepts dld colnclde for plade angles of 20

and 33°. The Intercents differed slightly, however, for
the blade angles of l:9°, 502, end 60° and new thrust- end
power-coefficient curves (figs. 17 and 18) were obtained
from interpolation oy assuming that the slight shift

was equlivelent to an effective shift in blade angle.

The individual power-coefflcient curvss obtained from
test deta without intermolation are presented in fig-
ure 19,

¥ew efficilency curves for the blade angles of 12°,
50, and £0° were comruted and nlotted from the inter-
Ddolatad thrust- and oower-2oeffizlent curves, so that
all efficiency plots on flvure 2) are ef{fectively those
for the corresponding blade ungles ugsed In the previous
tests. Only a slizht increase in efficiency due to
ad Justing the propeller spesad to provlide equal torque
1s indicated In the range of climb. Because the present
condition of testing 1s the sams as the previous con-
dition at neak efficlency, the efficlency envelopes
from the two sets of tests should coincide. There is a

difference of 1 to 1% percent between the envelopes

(flg. 21):; the envelone obtained from the equal-torque
tests is lower. Thls difference 1s within the 1limit of
agreement that can be expected of tests Intended to
reproduce condltlons of much earller tests.

Speed-ratio tests.- Adjustment nf the rotational
speed of one component of a dual-rotating propsller
within small 1limits should provlide adequate means for
control of front- and rear-provseller operating con-
ditions; that is, equal power absorption could bs
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obtained for any of the various conditions of flight.

Tests at constant values of the speed ratlio were made with
the six-blade dual-rotating propeller. The front blade
angle was set at LO° and the rear blade angle was adjusted
to provide equal torque at psak efficlency. The character-~
1stics for rotationel-speed ratios from 0.85 to 1.15

(figs. 22 and 23) indicated no appreciable effect on
efficlency.

Figure 2l is a cross plot of the characteristics
and indicates the manner in which the torqua ratio
changes with spsed ratio. At a V/nD of 0.7, decreasing
the speed of the rear propeller 30 percent decreased the
rear-propeller torque and increased the torque ratlo

Qr/Qg by 9 percent.

Blade-angls tests.- The effect of a falrly large
difference in rear blade angle with equal front and rear
rotational speeds was Investigated for a blade-angle
range of 20° to 60°. Figures 25 to 3l present the char-
acteristic curves of these tests. As would be expected,
a decrease In rear blade angle, corresponding to an
Increasing inablllty to remove the rotation lmparted to
the slipstream by the front propaller, resulted in
decreassd efflclency; the higher the front blade angle,
the larger the difference.

For each value of front blade angle a value of rear
blade angle wss selected such that equal torque would be
absorbved by front and rear nropellers approximately at
a V/nD for pesk efficlency. Other rear blade angles
wore then selected to give equal nower absorption at
values of V/nD below the value for peak efficilency
and down to values that would occur in the climb con-
dition. Wlthin the experlimental accuracy there was
apnarently no effect on the power absorntion of the
front propsller due to a shift in blade angle of the
rear propeller. For each value of front blade angle,
therefore, only one falred average curveg cof CP for

the front propeller was used (figs. 26, 28, 30, 32,
and 3L4).

The thrse envelopes of flgure 35 have been obtained
by falring envelones through the pesks of efficiency
curves obtained Irom blade-angle settings glving equal
front and rear power absorption at 0.35, 0.65, and 1.00
times the value of V/uD for peak efficlency. These
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envelopes emphaslze the necessity for readjusting the

""blade angles to- those providing sequal power absorption

at V/nD for peak efficlency, when the propeller is
operating in the high-speed range. Except for the high-
speed condltlon, there was little apparent effect of
blade~-angle change; figure 36 (Cp &t constant )

shows little deviation except at V/nD for peak effi-
ciency (for example, at V/nD of epprox. 3,6 for
cP = 0,)_|_), . .

Flgures 37 to %9 are cross-plotted data of thrust-
power ratio against Cp, for the conditions of cPﬂ:=cP

at 0.35, 0.65, and 1.00 times the value of V/nD for
peak efficlency. The curve for a V/nD of 2.5 sppears
to be somewhat in error, esveclally in flgure 37, and
should be lower. The error 1s experimental, however,
and could not be falred out. Sunerposition of these
plots again showed thet at constant ©5 send V/nD

there was 1llttle or no effect of bladelnngle difference
on thrust-vower ratlo for efficiency at constant power)
until the high values of V/nh were reached.

CONCLUDING REMARKS

Tests were made of a slx~ and a seven-blade dual-
rotating proneller of the samre sizs and bluade design.
The seven-blade provpeller was tested with three bladss
In the front hub and four 1n the rear (three-four com-
bination) and with four blades 1n the front hub and
three 1n the rear (four-three combination).

1. The results of tests at equal rotational speeds
with the blade angles of the front and rear components
of the seven-blade propeller adjusted to give equal
power apbsorption at peak efficlency mey be summarized
as follows:

(a) Peak efficiencles were from 0 to 5% per-

cent less thesn for the simllar six-blade dual-
rotating oropeller, devnendling on blade-angle
setting and the type of seven-blade combination.
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(b) Peak efficiencles of the three-four com-
bination were from O to 1% percent higher than

those of the four-three combination, depending on
the blade-angle settinsz.

(¢) There was no appreciable dlfference in
efflclencles nf the two compinatlions except ln the
range of advance-diameter ratioc near peal efflclency.

2. For the sir-blede dual-rotating propsellem,
adlusting the speed of the rear component to maintain
1ts torque egual to that of the front component had no
signlficant effect on efflclency.

3. PFor the six-blade dual-rotating proneller at a
blede angle »f LO®, opersting at fixed values of rotational-
speed ratio from 0.£5 to 1.15 had no zonsiderable effect
on efflciency when the rear blads angle was set tn glve
a torque equal to that of the front propeller at pesk
efficiency.

L, For a slx-blade dual-rotating proneller at equal
rotational speeds of front and rear components, changes
in rear blade angle did not aeffect the low-spead (take-
off snd climb) operating efflclency but reducliug the rear
blade angle did result 1n a lower high-speed sfficlency.
The effect was greater at the higher front blade angles.

Langl ey Memorlal Aeronautlcal Labordtory,
National Advisory Commlttes for Aeronautics,
Langley I'leld, Va,,
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TABLE I.- PROPELLER CHARACTERISTICS AND EFFICTENCY COMPARISONS

f

b
B at :
Number of F ;
Flgure Nblad:s 0.75R Test condition Types of curve
{deg) ' '
!
3 blades 1n front hub Propeller -
> to 9 1 10 to 60 li blades in rear hub’ characterlstlcs
} bledes in front hub Propeller E
10 to 1k 7 20 to €0 5 blades 1ln rear hub’ characteristios
15 end 16 7 | c-e-e--- Both combinations Efficlency comparison
Propeller
17 to 20 6 20 to 60 | Equal torque charscteristics
21 6 | ---e-e-- Equel torque, equel speed | Efficlency comperison
Propeller
22 to 2 6 1o Speed ratio chgracteristics
| Change in rear blade Propeller '
25 to 3l 6 20 to 60 angle characteristics
35 6 | ==m—ee-- --do-- Efficlency comparison
36 6 ———————— --do-~ Cp at constant Cp
. Thrust-power ratio
37 to 39 6 | mmemee-- --do-- plotted against Cp,
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Six-blade single-rotating propeller with wing.

- Test setup.

Figure 1.
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